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We present the results of a spectroscopic study of state-of-the-art MgB2 single crystals, carried out by using 
a modified point-contact technique. The use of single crystals allowed us to obtain point contacts with current 
injection either parallel or perpendicular to the ab planes. The effect of magnetic fields up to 9 T on the 
conductance spectra of these contacts is here thoroughly studied, for both B parallel and perpendicular to the ab 
planes. The complete thermal evolution of the upper critical field of the tt band is determined for the first time, 
and quantitative information about the upper critical field of the a band and its anisotropy is obtained. Finally, 
by exploiting the different effect of a magnetic field applied parallel to the ab planes on the two band systems, 
the partial contributions of the a and tt bands to the total conductance are obtained separately. Fitting each of 
them with the standard BTK model yields a great reduction of the uncertainty on Ao- and A^, whose complete 
temperature dependence is obtained with the greatest accuracy. 



1. Introduction 

About two years after the discovery of super- 
conductivity in MgB2, the validity of the two-gap 
model 10,^1^,^ in describing the superconducting 
and normal-state properties of this material has 
been confirmed by a large number of experimen- 
tal evidences. Within this model, the complex 
electronic bandstructure of MgB2 |||,§,0,D is ap- 
proximated by one quasi-2D a band and one 3D tt 
band, featuring two gaps of very different ampli- 
tude. Act and A^. The different spatial character 
of the two bands arises from the layered structure 
of the material, that is also expected to give rise 
to macroscopic anisotropy in some relevant phys- 
ical quantities, e.g. penetration depth, coherence 
length, and upper critical fields. The value of 
the anisotropy ratio 7 = H^2lHc2 iii MgB2 has 
long been a matter of debate, because of the large 
spread of values measured in films and polycrys- 
talline samples [^. To this regard, the recent set- 
up of efficient crystal-growth techniques has thus 
been an essential improvement. As a matter of 
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fact, torque magnetometry |10| and thermal con- 
ductivity measurements 1 11 in high-quality single 
crystals have given substantially consistent val- 
ues of the upper critical fields as a function of the 
temperature. 

In this paper, we present the results of direc- 
tional point-contact spectroscopy (PCS) in state- 
of-the-art single crystals, in the presence of a 
magnetic field applied either parallel or perpen- 
dicular to the ab planes. The use of PCS, and the 
possibility of controlling the directions of both the 
injected current and the field, allowed us to study 
the effect of the magnetic field on each band sys- 
tem, separately. It turns out that the magnetic 
field strongly affects the superconductivity in the 
TT-band, irrespective of its orientation. An anal- 
ysis of the conductance curves measured at dif- 
ferent temperatures and various field intensities 
gives the temperature evolution of the 7r-band 
upper critical field, = ^^oHc2, determined 

here for the first time. In contrast, the effect 
of the field on the a band is highly anisotropic. 
Our measurements indicate that the upper crit- 
ical field of the a band for B parallel to the c 
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axis, S^2||c' higher than that measured by other 
groups on similar samples possibly be- 

cause of surface effects. Finally, the temperature 
dependence of the two gaps is obtained with un- 
precedented accuracy, by separating the partial 
a- and 7r-band contributions to the total conduc- 
tance by means of a suitable magnetic field. 

2. Experimental set up 

All the details about the sample preparation 
are given in the paper by Karpinski et al. in this 
same issue. The MgB2 single crystals we used for 
our measurements were about 0.6x0. 6x0. 04 mm"^ 
in size, even though the growth technique allows 
obtaining even larger samples. The crystals were 
etched with 1% HCl in dry ethanol, to remove 
possible deteriorated surface layers. The critical 
temperature of the crystals, measured by AC sus- 
ceptibility, is Tc = 38.2 K with AT^ - 0.2 K. 

Possibly because of the extreme hardness of 
the crystals, point contacts obtained by press- 
ing a metallic tip against the crystal surface were 
found to fail the essential requirements of repro- 
ducibility and mechanical stability upon thermal 
cycling. Therefore, we made the contacts by us- 
ing as a counterelectrode either a small drop of 
silver conductive paint (0 < 50/Ltm) or a small 
spot of indium. The control of the junction char- 
acteristics (which, in the conventional technique, 
is obtained by moving the tip) was a little more 
difficult in this case. However, by applying short 
voltage pulses we were able to change the charac- 
teristics of the contact, until satisfactory stability 
and reproducibility were attained. 

Of course, the apparent size of our contacts is 
much greater than that required to have ballis- 
tic transport across the junction |12 . Actually, 



the effective electrical contact occurs via paral- 
lel micro-bridges in the spot area, that can be 
thought of as Sharvin contacts. This assumption 
is supported a posteriori by the absence of heat- 
ing effects in the conductance curves of all our 
junctions. Moreover, by using in the Sharvin for- 
mula the experimental resistance of our contacts 
(that always fell in the range 10 -f- 50 fl) the esti- 
mated mean free path i = 600A, and the residual 
resistivity po w 2/ificm pT| one obtains that, at 



least in the higher-resistance junctions, the trans- 
port is ballistic even if a single contact is estab- 
lished. 

The contacts were positioned on the crystal 
surfaces so as to inject the current along the c 
axis or along the ab planes. In the following, we 
will refer to them as "c-axis contacts" and "a6- 
plane contacts". Notice that, when the potential 
barrier at the interface is small as in our case, 
the current is injected in a cone whose angle is 
not neghgible, and becomes equal to tt/2 in the 
ideal case of no barrier. Anyway, the probability 
for electrons to be injected along an angle </> in 
the cone is proportional to cos 4> Q so that the 
(main) direction of current injection can still be 
defined. 

3. Experimental results and discussion 

3.1. Magnetic field parallel to the c ELxis 

Figure |l| shows the normalized conductance 
curves of an a5-plane contact, for increasing inten- 
sities of the magnetic field applied parallel to the 
c axis. The differential conductance dl/dV was 
numerically calculated from the measured I — V 
characteristic of the junction. The normalization 
was made by dividing the experimental dl/dV 
vs. V curves by the linear or quartic function 
that best fits them for |y|>30 meV. The zero- 
field curve shows two peaks at V ~ ±2.7 mV and 
V~ ±7.2 mV, clearly related to the two gaps 
and Act, respectively. On increasing the magnetic 
field intensity, the peaks related to the smaller 
gap. At, are quickly suppressed, and they finally 
disappear at B — hqH ~ 1 T. On the contrary, 
the features connected to the large gap, Ao-, look 
practically unchanged. The whole shape of the 
conductance curves changes very little if the field 
slightly exceeds the value i? = 1 T, suggesting 
that in this magnetic-field region the a band is 
quite robust. On further increasing the field in- 
tensity, the two peaks corresponding to Aq- de- 
crease in amplitude and gradually shift to lower 
energies, i.e. the large gap gradually closes. At 
_B = 4 T, however, the normalized conductance is 
still far from being flat. This means that, at the 
liquid helium temperature, the upper critical field 
of the a band for B || c is greater than 4 Tesla, in 
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Figure 1. Effect of a magnetic field of increasing 
intensity, applied parallel to the c axis, on the con- 
ductance curves of a Ag/MgB2 point contact with 
current injection mainly along the ab plane. All the 
curves were measured at T — 4.2 K. Thick black lines 
represent the experimental curves at B = 1 T and 
B = 4 T. 



contrast to the value — 30 kOe given by re- 
cent torque magnetometry pO[ | and thermal con- 
ductivity measurements pd| . The possible reason 
for this discrepancy will be discussed later on. 

Let us discuss for a while the quick suppres- 
sion of the small-gap features and their disappear- 
ance at B=l T. This result was already obtained 
by point-contact measurements in polycrystalline 
samples [|4|, and was interpreted as due to the 
selective suppression of the superconductivity in 
the TT bands. In our case, the use of single crys- 
tals allows giving more convincing arguments to 
support this interpretation, i.e. to show that the 
magnetic field of 1 Tesla really destroys the su- 
perconductivity in the tt bands, without affecting 
the (T bands. 

As a matter of fact, in Figure the zero-field 
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Figure 2. The experimental normalized conductance 
curves at i? = (open symbols) and B = 1 T (filled 
symbols) already reported in Fig. |l| compared to the- 
oretical curves. The solid line superimposed to the 
upper curve is a best-fitting BTK function (see eq|l|). 
The solid line superimposed to the lower curve is not 
a best-fitting curve, but the function obtained from 
the previous one by taking a-^ = 1 (see eq.^). For 
details see the text. 



curve (open symbols) and the curve in a field 
of 1 T (filled symbols) are compared. The solid 
line superimposed to the former is its best-fitting 
curve obtained with the BTK model gener- 
alised to the case of two bands, in which the nor- 
malized conductance cr is expressed by a weighed 
sum of the partial BTK conductances of the tt 
and a bands: 



WyrO-T, + (1 



(1) 



In practice, the total conductance across the junc- 
tion is thought of as the parallel of two (indepen- 
dent) channels. Here is the weight of the chan- 
nel connected to the tt band, i.e. the partial con- 
tribution of the TT band to the total conductance. 

is a function of the plasma frequencies lo'^ and 
cjp, that are much different in the a6-plane and 
along the c axis. As a result, w^^ depends on the 
angle ip between the direction of current injection 
and the boron planes ||^. For current injection 
purely along the ab plane, the value tu^ — 0.66 is 
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Figure 3. (a) Temperature dependence of the experimental normalized conductance of a afe-plane Ag contact 
(-Rn — 20Q) . Solid lines are the best-fitting functions given by eq|l|. (b) Same as in (a) but with a magnetic field 
of 1 Tesla applied parallel to the c axis. Solid lines represent the best-fitting curves given by eq.^. (c) Thermal 
evolution of the large gap Aa as obtained from the fit of the curves in (b). 



theoretically predicted g . 

The fitting function expressed by eq. ^ contains 
7 adjustable parameters (A^- and A^, the broad- 
ening parameters Fg. and F^, the barrier trans- 
parency coefficients and Z^, plus the weight 
factor Wtt) so there is some uncertainty in the 
choice of the best-fitting values, especially as far 
as Za-^TT and Ta-^jr are concerned. The curve super- 
imposed to the zero-field conductance in Fig. ^ 
was obtained by using: A^r = 2.8 meV, A^ = 7.2 
meV, = 0.48, Z^ = 0.94, F^ = 1.49 meV, 
Fo- = 3.3 meV, and finally — 0.75. The gap 
amplitudes agree very well with those predicted 
by the two-band model ||^ . The disagreement be- 
tween the predicted value of (0.66) and that 
given by the fit (0.75) is simply due to the fact 
that, as previously pointed out, the current is in- 
jected within a solid angle rather than along a 
precise direction. As a matter of fact, it can be 
shown that the value = 0.75 is compatible 
with an injection cone about 26° wide 

If the superconductivity in the n band is de- 
stroyed without affecting the a band, the total 
conductance across the junction is expressed by: 

a = + (l - w^)aa- (2) 

which is obtained by taking (Tt^=1 in eqj^, and 



thus only contains the free parameters A^, T^- 
and Za-, plus the weight factor Wt^. This is in- 
deed the functional form of the curve shown in 
Fig.^, superimposed to the conductance curve at 
B = 1 Tesla. All the parameters are unchanged 
with respect to the zero-field curve, apart from 
the barrier parameter that was set to Z„ — 0.56 
to adjust the height of the theoretical curve. It 
is clear that this function reproduces both the 
position of the conductance peaks and the shape 
of the conductance well around zero bias. This 
demonstrates that a field of 1 Tesla parallel to 
the c axis really destroys the superconductivity 
in the tt band, without affecting the amplitude of 
the (T-band gap. 

One can now wonder whether this is true also 
when the temperature is increased, or rather a 
temperature T* < Tc exists at which also the a 
bands start being affected by the field. Fig. ^ 
reports the temperature dependence of the ex- 
perimental curves of the same a6-plane contact 
discussed so far, in zero field (a) and in the pres- 
ence of a field of 1 Tesla parallel to the c axis (b) . 
Even at a first sight, it is clear that the curves 
in zero field become almost flat at T = 34.1 K, - 
which is therefore close to the critical temperature 
of the junction - while the curves in the presence 
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of the field - that only contain the tr-band con- 
ductance - flatten at T = 32 K. This suggests 
by itself that the magnetic field causes the tran- 
sition to the normal state at a temperature lower 
than Tc. This conclusion can be further sup- 
ported by extracting the temperature dependence 
of Ao- from the conductance curves in Fig. 
which requires fitting the experimental curves. 
The solid lines superimposed to the experimental 
data in (a) and (b) represent the relevant best- 
fitting curves obtained by using eqj^ and eq.|[ 
respectively. In both cases, the weight was 
taken as temperature-independent. The barrier 
parameters Z„ and were kept (almost) con- 
stant at the increase of the temperature. Instead, 
the broadening parameters and F^- given by 
the fit increase with T. In the case of Fig. ||a, 
Ft varies between 1.49 and 2.29 meV, and Fo- in- 
creases from 3.3 up to 3.6 meV; and vary 
from 0.94 to 0.8 and from 0.48 to 0.33, respec- 
tively. In the case of Fig. ^3, instead, F^^ is equal 
to 3.7 meV at low T and increases rapidly on 
heating, while Z^ remain in the range between 
0.6 and 0.45. 

The thermal evolution of A^, obtained by 
fitting the curves in Fig. ^ with the three- 
parameter function given by eq. H, is reported in 
Fig. ^ (circles) together with a BCS-like curve 
(solid line). It is clear that the points sudden 
deviate from the BCS behaviour at T* ^ 20 K. 
Based on previous determinations of the temper- 
ature dependence of A^r in zero field ||l^, we can 
rather safely assume that such a large deviation is 
due to the progressive closing of the large gap due 
to the magnetic field. At T = 32 K, the cr-band 

gap disappears: this means that, at this temper- 
He 

ature, B^^ 1 T. Again, this value is larger than 
that recently measured in the same crystals by 
other groups [|lO|jl|]. 

3.2. Magnetic field parallel to the ah planes 

Fig. ^ shows the conductance curves of a ah- 
plane In contact as a function of the intensity 
of the magnetic field, applied parallel to the ah 
planes. Exactly as in Fig.|l|, the small-gap fea- 
tures are very easily disrupted by the field. At 
B—\ T, A^r completely vanishes while Ag. re- 
mains unchanged. Based on arguments similar 
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Figure 4. Magnetic-field dependence of the low- 
temperature normalized conductance curves of a ab- 
plane In contact. The magnetic field is applied par- 
allel to the ah plane. Thick lines represent the curves 
at 1 T and 9 T. 



to those used in the B || c case, we can conclude 
that, at the liquid helium temperature, the upper 
critical field of the tt bands is isotropic, as shown 
in ref. Q, and takes the value Bl^ = [iHl^ ~ 1 T. 
Contrary to what happens in a magnetic field ap- 
plied parallel to the c axis, the conductance peaks 
associated to the tr-band gap remain well distin- 
guishable up to 9 T. A small decrease in the gap 
amplitude is observed above 4 T, together with 
an increase in the zero-bias conductance. It looks 
thus clear that, at 4.2 K, the critical field of the a 
band in the B || afe case is much greater than 9 T, 
in agreement with other experimental findings. 

As already done in the B || c case, let us check 
whether the robustness of the a bands upon ap- 
plication of a field of 1 Tesla persists at the in- 
crease of the temperature. Figure [s] reports the 
temperature evolution of the normalized conduc- 
tance curves (symbols) in zero field (a), and in 
the presence of a field of 1 Tesla (b) parallel to 
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Figure 5. (a) Temperature dependence of the experimental normalized conductance of a c-axis In contact 
(7?N = 50 f2). Solid lines are the best-fitting curves of the form given in eq.^. (b) Same as in (a) but in a magnetic 
field of 1 Tesla applied parallel to the ab plane. Lines: best-fitting curves expressed by eqM (c) Temperature 
dependence of the large gap from the fit of the curves in (b), and of the small gap A,r from the fit of the 
difference between the curves in (a) and (b) (see ref. for details). 



the ab plane. It is clearly seen that, in this case, 
all the curves become flat at the same temper- 
ature T = 37.6 K - which is the critical tem- 
perature of the junction - indicating that the su- 
perconductivity in the a band survives up to Tc 
even in the presence of the field. Solid lines in 
Figs. 1^ and ||3 represent the best-fitting curves 
obtained by using eqsj^ and ||, respectively. The 
value of the weight — 0.98 was determined 
by fitting the zero-field, low-temperature curve 
and then kept constant 0. Let us disregard the 
values of the fitting parameters of the zero-field 
curves, as they are not essential for our reason- 
ing. As far as the curves in Fig. ^ are concerned, 
the low-temperature values of the fitting param- 
eters are: A^r = 7.1 meV, Fo- = 1.75 meV and 
Za- = 0.58. At the increase of the temperature, 
Fcr regularly increases up to 4.2 meV close to Tc, 
while Z slightly decreases down to 0.35. The tem- 
perature dependence of Ag- obtained by the fit is 
reported in Fig. ||c (sohd symbols) and compared 
to a BCS-like curve (solid line). In agreement 



■^For current injection purely along the ab planes the pre- 
dicted value of the weight is Wn = 0.99. Our value is 
compatible with a current injection cone of about 60° . 



with previous experimental findings and theoret- 
ical predictions the large gap is found to 
follow rather well the BCS curve. Incidentally, 
this confirms a posteriori that the cr-band gap is 
not affected by the field of 1 Tesla even at temper- 
atures rather close to Tc. Also notice the much 
smaller error on the gap values with respect to 
measurements in polycrystalline samples, due to 
the reduction in the number of adjustable param- 
eters (from 6 to 3) obtained by removing the tt 
band gap by means of the field jl^ . 

An highly accurate determination of the tem- 
perature evolution of A^r is possible as well, by 
subtracting from the total conductance the par- 
tial contribution of the a band. In practice, each 
experimental curve in Fig. ^3 is subtracted from 
the curve in zero field measured at the same tem- 
perature, as discussed elsewhere and the re- 
sulting curve is fitted by a function of the form 
a — WTrid-K — 1), with — 0.98. The temper- 
ature dependence of A^ obtained from the fit is 
shown in Fig. |^ (open symbols) and compared to 
a BCS-like behaviour (sohd line). At T > 20 K, 
Att deviates from the BCS curve of an amount 
which is well greater than our experimental un- 
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Figure 6. Unnormalized conductance curves of a c- 
axis In contact (J?n ~ 42 Q) in a magnetic field of 
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Each panel refers to a different temperature, indi- 
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Figure 7. Phase diagram of MgB2 as it results from 
different kinds of measurements (TM — torque mag- 
netometry, TC — thermal conductivity, PCS = point- 
contact spectroscopy, p{T, H) — resistivity) carried 
out in single crystals. Lines are only guides to the 
eye. 



certainty. This deviation is indeed predicted by 
the two-band model [^|^ but its unquestionable 
determination was impossible so far, because of 
the very large error affecting the gap values near 

3.3. Temperature dependence of 

Finally, let us determine the temperature evo- 
lution of the critical field of the tt band, whose 
value at 4.2 K has been evaluated by analyz- 
ing the curves in Figs. || and ^. Fig. ^ reports 
the unnormahzed (i.e., as-measured) conductance 
curves of a c-axis contact, in the presence of a 
magnetic field applied parallel to the ab planes, 
at four temperatures: 4.2, 10, 20 and 30 K. Based 
on our previous finding that i?^2llab ^ ^c2llc ^ ^ 



T at 4.2 K, and on the essentially isotropic char- 
acter of the TT bands we will assume 
that the above equality holds at any temperature. 
The use of a c-axis contact emphasizes the tt- 
band contribution to the conductance, but makes 
it more difficult to distinguish the (very small) 
CT-band features that survive after the removal of 
A.^.. However, we expect that, just above BJj, the 
conductance curves should be (relatively) field- 
independent, as long as the residual cr-band gap 
is not suppressed. The curve that marks the be- 
ginning of this "saturation" is represented by a 
thick curve in the four panels of Fig.|| |. At 4.2, 
10 and 20 K a residual gap-like feature is clearly 
observed in these curves, thus indicating the per- 
sistence of superconductivity in the a bands. At 

•^Notice that only the curves at some representative field 
intensities are reported for clarity. 
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T = 30 K the saturation occurs at B ~ 0.2 T 
and above this field only minor changes in the 
conductance are observed. Since the upper crit- 
ical field of MgB2 in the B || ab case is, even at 
this temperature, at least one order of magnitude 
greater than 0.2 T there is no doubt 

that this saturation is due to the removal of the 
TT-band gap alone. 

The values of the magnetic field intensities that 
give rise to this saturation, and that we interpret 
as B^2y ^I'S reported in Fig.^ (black triangles) to- 
gether with the results of torque magnetometry 
pOj , resistivity Jll|,0 and thermal conductivity 
measurements There are two points that 

are worth mentioning: the clear overestimation 
of S^2llc transport measurements, and the fact 
that all the critical fields determined by bulk mea- 
surements (e.g. thermal conductivity and torque 
magnetometry) vanish at a temperature T < Tc, 
where Tc is determined by the resistive transi- 
tion. These puzzling results have been recently 
interpreted as due to the existence of an addi- 
tional phase with enhanced critical parameters 
(Tc and -ffc2), probably related to surface effects 
that seem to be strongly suppressed by in-plane 
magnetic fields If this is the case, the results 
of surface-sensitive measurements might be sen- 
sibly different from those of bulk-sensitive tech- 
niques. This is an important point in discussing 
our results, since PCS is intrinsically a surface- 
sensitive probe. As a matter of fact, the value we 
determined for B^^^^^ (black circle) is well com- 
patible with the results of resistive measurements 
by Sologubenko et ai, that were carried out on 
similar single crystals. Moreover, the observation 
of cr-band superconductivity at 4.2 K in a field 
of 4 T parallel to the c axis (see fig.|l|) further 
supports this picture. 

In conclusion, we have presented the results of 
a systematic study of MgB2 by means of point- 
contact spectroscopy in the presence of a mag- 
netic field. The use of single crystals has allowed 
us to control the direction of both the current 
injection and the applied magnetic field. Conse- 
quently, we have been able to study the effect of 
the magnetic field on each band separately, and to 
determine for the first time the temperature de- 
pendence of the upper critical field of the isotropic 



TT bands. As far as the a bands are concerned, the 
effect of the magnetic field has been confirmed to 
be strongly anisotropic. The obtained value of 
the upper critical field -Bc2||c higher than that 
measured on the same crystals by torque mag- 
netometry and thermal conductivity, but agrees 
very well with the results of transport measure- 
ments. Finally, by exploiting the directionality 
of the point contacts and the different effect of 
the magnetic field on the two band systems, we 
have selectively destroyed the superconductivity 
in the tt bands. This procedure allows separating 
the partial contributions of the a and tt bands to 
the total conductance of the point contacts. Fit- 
ting each partial conductance with the standard 
BTK model, we have determined with great accu- 
racy the temperature dependence of the two gaps, 
confirming the predictions of the two-gap models 
appeared in literature. 

This work was supported by the INFM 
Project PRA-UMBRA and by the INTAS project 
"Charge transport in metal-diboride thin films 
and heterostructures" . 
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